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flow of water has to overcome their buoyancy force. After a short time, the pressure drop

reaches a maximum when equilibrium between the oil added into the fluidization column

and the oil adsorbed by the granules is established. At this point of time a decrease in

pressure drop occurs because the aerogel granules, as they adsorb oil, become heavier

reducing their buoyancy and the drag force needed to fluidize them. The pressure drop

would remain constant if oil were not adsorbed by the particles, as shown in Figure 6.14b,

because of the formation of an oil layer at the top of the column. The loss of oil-saturated

granules entrained from the fluidization column reduces the pressure drop even further.

After saturation of the granules occurs, the pressure drop remains constant (see Figure

6.14a), because the oil-saturated granules begin to agglomerate forming a packed bed of

agglomerates. ). pressure drop across the fluidized bed of granules during oil removal

can be used to calculate the oil-removal capacity but not the collection efficiency.

_ Time, [sec]

Time, [sec]

(a) (b)
Figure 6.14 (a) Pressure drop across the inversely fluidized beds of aerogel during the
removal of oil corresponding to Figures 6.12 to 6.14. Superficial flow velocity was kept
constant at 0.0305 m/s. (b) Pressure drop across the column without particles during oil
injection.
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Mother set of experiments was performed to find the effect of using different

amounts of fluidized granules on the oil removal efficiency; for these experiments the

U/Unif ratio was kept at 4.4. Adding different amounts of granules to the column will

result in different initial fluidized bed heights. The residence time of oil droplets in tall

fluidized beds (large amount of granules) is larger when compared to short fluidized

beds; therefore, in short fluidized beds the oil and granules will be more homogeneously

mixed like in a CSTR; whereas, granules at the top will be more saturated than the rest in

tall fluidized beds. Figure 6.15a shows the COD levels and the bed expansion of 56

grams of small aerogel granules, it can be seen that there is a significant bed expansion

from 40 to 50 cm, indicating a CSTR-type of mixing where most of the granules saturate

simultaneously. Figure 6.15b shows COD levels and bed expansion for 100 grams of

small aerogel granules exposed to the same concentration of oil and operating conditions

as in the experiment using 56 grams described by Figure 6.15a. It can be seen in the

figure that the bed height increases slightly at the beginning of the experiment, but then

drops off because of the loss of saturated granules during the adsorption of oil. As

expected, the fluidized bed with the smaller amount of granules gets saturated faster as

seen by the more rapid changes in bed height with time. Note that even though different

amounts of aerogel are used, the COD levels at the exit of both fluidized beds are fairly

similar; this indicates that the removal efficiency is independent of the length of the bed

at relatively high U/Umf ratios (U/Umf = 4.4).
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(b)
Figure 6.15 Chemical oxygen demand (COD) and inverse fluidized bed expansion
(squares) as a function of time of aerogel granules (OGD 303) with sizes between 0.5 to
0.85 mm during removal of oil from water, upstream oil concentration is 0.18 g of oil/kg
of water and the fluid velocity is 0.0305 m/s. (a) 56 grams, (b) 100 grams.

Figure 6.16 shows the differential pressure drop across the inverse fluidized beds

described by Figure 6.15 during oil removal; as expected, Figure 6.16 shows that the

pressure drop is proportional to the amount of fluidized powder in the bed. In both cases,

the pressure drop across the bed of granules does not plateau, indicating that the granules

did not fully saturate.



275

Time, [sec]
OGD 303 -56 g —OGD 303 - 100 g

Figure 6.16 Pressure drop across the inversely fluidized beds of aerogel during the
removal of oil corresponding to data shown in Figure 15. Superficial flow velocity was
kept constant at 0.0305 m/s.

Figure 6.17 shows the removal efficiency of aerogel granules of different type;

Figure 6.17a for OGD 303 small granules (0.5 – 0.85 mm) and Figure 6.17b for TLD 101

small granules. As can be seen from the plots and the data reported in Table 6.5, TLD

101 granules adsorbed less oil than OGD 303 granules, i.e., a COD level of 100 mg/1

downstream of the fluidized bed is reached after a shorter time when TLD 101 granules

are used and a bed height of about 0.2 meters is reached sooner, 3600 seconds, for the

TLD granules as compared to 4260 seconds for the OGD granules. Thus, it can be

conclude that the OGD granules have a larger oil adsorption capacity.
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(b)
Figure 6.17 Chemical oxygen demand (COD) and inverse fluidized bed expansion
(squares) as a function of time of 56 grams of aerogel granules (OGD 303) with sizes
between 0.5 to 0.85 mm during removal of oil from water, upstream oil concentration is
0.36 g of oil/kg of water and fluid velocity is 0.0244 m/s (a) OGD 303 granules, (b) TLD
101 granules.

The effect of using a different fluid superficial liquid velocity was also studied,

keeping all other operating variables the same, and is shown in Figure 6.18 and Table 6.5.

At a low fluid velocity (0.0107 m/s) the collection efficiency is higher since it took more
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than 14000 seconds to produce a level of 100 mg/1 of COD downstream the bed, as

compared to 7000 seconds at higher fluid velocity (0.0183 m/s). It can be seen from the

plots and data that a higher oil removal capacity is obtained at the lower flow velocity.

Also, at lower fluid velocity, the drag force is lower allowing the granules to saturate

more since the resulting force from subtracting the drag force from the buoyancy force is

larger. In this case, the bed height remains almost constant for about 2 hours after which

the granules become saturated and groups of particles move downwards expanding the

bed in a short period of time (3000 seconds). On the other hand, when the fluid velocity

is large, voids in the fluidized bed are larger and the drag force is also higher; hence,

partially oil-saturated granules leave the bed due to entrainment· This is reflected in the

decrease of the fluidized bed height over time.

Figure 6.19 is a plot of the pressure drop across the fluidized bed for the

experiments described in Figure 6.18 and shows a change in the rate at which the

pressure drop increases/decreases due to the different superficial fluid velocity. At the

higher fluid velocity the drag force is larger and entrainment is increased which translates

into a faster decrease in the pressure drop across the fluidized bed.
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Figure 6.18 Chemical oxygen demand (COD) and inverse fluidized bed expansion
(squares) as a function of time of: 56 grams of aerogel granules (TLD 101) with sizes
between 0.5 to 0.85 mm during removal of oil from water: (a) Oil concentration is about
0.45 g of oil/kg of water and 0.0107 m/s fluid velocity, and (b) oil concentration is about
0.48 g of oil/kg of water and 0.0183 m/s fluid velocity.
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Time. isecl
TLD 101 -0.0183 m/s —TLD 101 -0.0107 m/s

Figure 6.19 Pressure drop across the inversely fluidized beds of aerogel during the
removal of oil corresponding to Figure 6.18.

Figure 6.20 shows the COD levels and the bed height of a fluidized bed of 108

grams of TLD 101, which is almost double the amount of granules used in most of the

previous experiments. A larger amount of granules results in a taller initial bed height

which implies a longer residence time for the oil droplets in the fluidized bed. An

immediate consequence of the taller bed height is a better oil removal efficiency. COD

levels downstream the fluidized bed containing more granules remain lower than 40 mg/1

during the entire experiment before the 100 mg/1 COD limit (see Figure 6.20), while in

the fluidized bed with less powder but at the same operating conditions (see Figure 6.18a),

COD levels remain below 90 mg/1 during the experiment before reaching the 100 mg/1

COD limit· Regarding the fluidized bed height, as mentioned above, when less powder is

used aerogel granules tend to saturate more uniformly because of the CSTR-like mixing,

which leads to an increase in bed height· However, for a longer fluidized bed there is a

gradient in the concentration of oil along the fluidized bed, so that granules at the top

saturate with oil at a faster rate than others, and these saturated granules leave the

fluidized bed due to entrainment; therefore, a reduction in the bed height is observed.
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Figure 6.20 Chemical oxygen demand (COD) and inverse fluidized bed expansion
(squares) as a function of time of 108 grams of aerogel granules (TLD 101) with sizes
between 0.5 to 0.85 mm during removal of oil from water (0.47 g of oil/kg of water and
0.0102 m/s fluid velocity).

6.5 Conclusions

). hydrodynamic characteristics of inverse fluidized beds of aerogel granules were

studied by measuring the pressure drop and bed expansion for different operating

conditions. ). experimental results are in good agreement with previous studies on

liquid-solid fluidized beds. ). experimentally measured fluidized bed pressure drop, at

full fluidization, was used to estimate the volume occupied by the granules so that

knowing the mass of granules used, the density and the void fraction of the aerogel

granules could be calculated. ). void fraction and the fluid velocity data were used to

estimate the granules' size and terminal velocity using the Richardson-Zaki approach. It

is important to note that the Ret was in the range of 200 up to 500, so that the Richardson-

Zaki index, "n," is around 2.3 which agrees with the experimental data. ). calculated
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values of the particle size, based on equations for the terminal velocity and drag force,

also agree very closely with the actual size of granules.

). drag force approach for multi-particle systems introduced by Fan et al.¹49,

seems to correlate the aerogel data quite well for the drag force function and the void

fraction in the bed. In addition, the minimum fluidization velocity (Umf) can be estimated

by using the correlation given by Wen and Yu¹64 for the large aerogel granules, but the

correlation poorly estimates the Umf for the smaller sized granules.

The oil removal efficiency of aerogel granules depends mainly on the initial

height of the fluidized bed (amount of powder used), the void fraction of the bed and the

fluid velocity. For continuously removing oil from contaminated water, it is desirable to

keep the fluidized bed height constant· This can be achieved by having oil saturated

particles entrained from the fluidized bed and then separated from the clean water

downstream with a filter or cyclone. To compensate for the loss of particles, fresh

granules can be added at the bottom of the fluidization column. With regard to the oil

removal capacity, the experiments show that it is better to work with a taller fluidized bed

(more granules), smaller granules, and low fluid velocities. The smaller granules will

fluidize at lower fluid velocities and result in a lower bed void fraction leading to better

removal efficiency. Low fluid velocities allow for a higher saturation of the granules

since the drag force is lower and the granules spend more time in the fluidized bed

without being entrained.

It has been found that at low flow rates the oil adsorption capacity of aerogel

granules can be up to 7 times their weight, and the removal efficiency can be as high as
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99%. A typical fluid velocity during operation would be in the range of 1 to 2 cm/s for

-granules less than one millimeter in size.

A great advantage of the inverse fluidized bed over a packed bed filter is the low

pressure drop which translates in low energy consumption. The higher pressure drop

obtained in the experiments was of 0.2 psi (1300 Pa) when removing oil with 100 grams

of granules. ). pressure drop across the inverse fluidized bed will not increase as the oil

is adsorbed in the granules; moreover, it decreases unless more granules are added. In a

packed bed filter, the pressure drop depends on the flow rate passing through the bed; in a

fluidized bed, the pressure drop is only proportional to the amount of granules fluidized.

In several applications of packed bed filters, the limiting pressure drop is about 10 psi;

this value can be easily reached with a very small amount of granules depending on

granule size and fluid velocity. However, in order to reach a differential pressure drop of

10 psi across an inverse fluidized bed of aerogel granules in a column of 3.5 inches

internal diameter, as much as 6 kg of aerogel granules could be used. ).se 6 kg of

aerogel granules could adsorb up to 42 kg of oil, and the bed height of the fluidized bed

would be about 16 meters (52.5 ft.). Thus, it can be conclude that an inverse fluidized bed

of aerogel granules is an excellent candidate for removing oil and other hydrocarbon

contaminants from wastewater.



CHAPTER 7

SUMMARY OF CONTRIBUTIONS

This dissertation has focused on three topics: gas-solid fluidization of agglomerates of

nanoparticles, filtration of submicron particles using nanoagglomerates or nanostructured

granules as a filter media, and liquid-solid inverse fluidization of aerogels for oil removal.

These are three different topics related by the general field of particle technology;

however, all of the experiments were done using powders made up of primary particles of

nanosize or granules having a porous structure in the nanoscale.

The experimental results reported for the fluidization of nanoparticle

agglomerates clearly show that the hydrodynamic behavior is quite different than that of

solid particles which have been extensively studied. The major contributions and

findings related to the gas-solid fluidization of agglomerates of nanoparticles are:

I. ). reduction of electrostatic charges in the fluidized bed of agglomerates of

nanoparticles allowed the use of optical probes, such as the Focus Beam

Reflectance Methods (FBRM) and the Particle Vision and Measurement (PVM)

from Lasentec, to characterize the fluidized agglomerates in-situ. Agglomerate

size distributions as well as in-situ images were successfully obtained.

2. A new assisting method to enhance the fluidization of agglomerates of

nanoparticles has been developed. This method consists of the use of turbulent

jets generated by micro-nozzles to increase mixing and promote breaking up of

large and denser agglomerates resulting in smaller and fluffier ones. ). jet

assisted fluidization method provides excellent results. It is well known that the

283
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fluidized bed height is a measurement of the degree of dispersion of the

nanopowder in the gas phase. For APF nanopowders, the jet assisting method

leads to bed expansions of about several times the conventionally fluidized bed

height, for example, bed expansions of about 10 times the expanded conventional

fluidized bed has been achieved for Aerosil R974. Moreover, ABF nanopowders,

which are very difficult to fluidize, are transformed into APF nanopowders by

using the jet assisting method. This method has several advantages over previous

assisting methods such as its low energy requirements, absence of foreign

material in the fluidized bed, simpler to scale up, and better dispersion of the

agglomerates than when using previous methods such as stirring magnetic

particles or vertical vibration.

3. A better understanding of the fluidization characteristics of nanopowders can be

gained by measuring the pressure fluctuations that occur at gas velocities close to

the minimum fluidization velocity. ).se pressure fluctuations indicate that there

may be incomplete fluidization even at gas velocities larger than minimum

fluidization velocity; hence, the method to define the minimum fluidization

velocity of nanopowders may need to be revised. It also appears that the Blake-

Kozeny equation for packed beds does not apply for a non-fully fluidized bed of

nanopowders as for larger size solid micron size particles because of channeling

and spouting that occurs prior to the fluidization of nanoagglomerates.

4. ). application of the conventional Richardson-Zaki (R-Z) method and the

Richardson-Zaki (R-Z) method coupled with a fractal analysis for the estimation

of fluidized agglomerates sizes seems to indicate the following:
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a. The R-Z index "n" is not only dependant on the Reynolds number but it
may also be dependant on the properties of the powder, and it can be used
as a parameter to characterize cohesive powders similar to the angle of
repose. Other research studies reported in the literature have also found
that the "n" index is not limited to the 2.3 to 6 range, and have reported
larger values.

b. Many of the assumptions made for the R-Z analysis do not apply for
agglomerates of nanoparticles in a fluidized bed such as assuming Stokes
law for the calculation of the terminal velocity. Also, the fact that
agglomerates of nanoparticles have a wide particles size distribution and
may even have different densities and a different drag coefficient due to
their agglomerate structure and rough surface may lead to incorrect values
of the agglomerate size.

5. By monitoring the moisture concentration in the fluidizing gas of conventional

and assisted fluidized beds of hydrophilic agglomerates of nanoparticles, mass

transport rates as well as the adsorption/desorption phenomenon from the gas

phase to the fluidized agglomerate phase can be studied. It was verified

quantitatively that assisting methods, such as stirring magnetic particles and

vibration, improve the mixing and transport between the two phases.

6. A similar study, monitoring the moisture concentration in the fluidizing gas, but

using hydrophobic agglomerates of nanoparticles, was done to find the residence

time distribution (RTD) functions in packed beds and fluidized beds. Diffusion of

moisture into the porosity of the agglomerates was shown to be important

depending on the size of the agglomerate. ). larger the agglomerate the more

significant the diffusion. ). diffusion of the tracer into the pores of the

agglomerate delays its appearance at the exit of the fluidized or packed bed. This

effect has to be considered in applications that involve mass transport· For

example, desorption of a contaminant from the agglomerate may be delayed due

to diffusion.
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7. During the use of moisture as tracer, it was observed that electrostatic charges in

the fluidized bed of powder were reduced. This led to the use of other types of

vapors such as alcohol which were added to the fluidizing gas and successfully

reduced electrostatic charges allowing for the agglomerates of nanoparticles to be

better dispersed in conventional and assisted fluidized beds.

8. Agglomerates of nanoparticles can be fluidized under centrifugal forces. The

classification of different nanoparticles into APF type and ABF type behavior as

was done for conventional vertical, gravity-driven fluidization a column is also

found when the powders are fluidized in rotating fluidized beds. For APF type

nanopowders, tangential flows lead to larger pressure drops than expected across

the fluidized bed due to the additional centrifugal acceleration of the agglomerates

by the tangential flow, which under a different frame of reference, is known as the

Coriolis force.

9. ). rotating fluidized bed experimental results confirm that the flow velocity

profiles and pressure gradients in a rotating fluidized bed are strongly dependant

on the geometry of the rotating fluid bed equipment·

The presence of airborne submicron size particles that can affect human health are

of major concern. Also, the handling and processing of nanoparticles is increasing due to

their unique properties and potential applications in many industries; however, their

effects on the human body are not well known yet· This work has introduced using

porous granules made of nanoparticles as an alternative filter media to capture submicron

and nanosized aerosols. ). major contributions and findings related to the filtration of

submicron aerosols are:
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1. It has been shown that granular bed filters composed of highly porous granules

provide collection efficiencies similar to HEPA fiber-based filters when

challenged against submicron solid aerosols and collection efficiencies better than

HEPA filters when the challenging aerosol is oil-based (liquid droplets). ). main

advantage of the granular bed filters is their increased filtration capacity when

compared to HEPA.

2. The size of the granules of a granular packed bed filter has been optimized

considering the thickness of the filter, collection efficiency and pressure drop. It

has been found that optimal granule sizes for 2 to 3 inches thick filters is about

150 to 250 microns.

3. Granular filters composed of porous collectors present an excellent collection

media for capturing nanoparticles. It is well known that particles smaller than 0.3

microns will be mainly collected by the diffusion-based filtration mechanism.

These small particles diffuse into the pores of the collectors increasing the

collection efficiency when compared to the non-porous fibers in HEPA filters.

4. Fluidized beds of aerogels have been used for the removal of submicron aerosol

with good efficiency in particular when the aerosol is composed of oil droplets.

). fluidized bed filters offers an even larger filtration capacity and a very small

pressure drop.

). major contributions and findings related to the liquid-solid inverse fluidization of

aerogels for removal of oil from water are:
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1. Aerogel granules were inversely fluidized in water and their hydrodynamic

behavior reported. Inverse fluidization of aerogels has not been previously

studied according to the literature review.

2. It has been shown that an inverse fluidized bed of aerogels efficiently reduces

oil concentration in water from several thousands down to few parts per

million as measured by the Chemical Oxygen Demand (COD) method. The

final concentration of oil in water will depend on several variables such as the

height of the bed, size of the aerogel granules and the fluid velocity. The use

of inverse fluidization of aerogels is much more energy efficient than filtration

methods based on using packed beds because the pressure drop across the

inverse fluidized bed of aerogel granules is much smaller when compared to

the pressure drop across a packed bed containing a similar amount of granules

at the same fluid velocity.



APPENDIX A

MATLAB CODE TO MODEL THE CONCENTRATION OF
MOISTURE AT THE EXIT OF A FLUIDIZED BED

Modeling of the concentration of moisture with respect to time at the exit of a fluidized

bed of agglomerates of nanoparticles has been introduced in Chapter 3. The suggested

model was elaborated for a particulate fluidized bed, i.e., free of bubbles. A system of

two simultaneous differential equations was the result of the theoretical modeling. This

system was solved by writing a program in MatLab 7.1.0. The ordinary differential

equation (ODE) solver selected was "ode113." This solver is designed for nonstiff

problems and it was selected because its ability to solve variable order ODE being more

efficient when the ODE function is expensive (takes long iteration time). More

information on Ode solvers and their syntax can be found in the MatLab Tutorial. The

program code is attached below.

'53:ation of the drying of a fluidized bed v1.0
%written by Jose A QuIevedo in collaboration witn J_ergen
flesch 

c_inplt data
global kl k2 k3 k4 k5

ldata=input('Do you want to load or enter data
(Thad:I./enter:2)
if (1data==2)

dagg=input('Aggiomerate diameter (um)

dF=dagg*le-6; $,Lo meters
%2-MFHnp.,ft('Agg:omerate density (kg/m3)
= 	 )

289



314

162. Hach Co. Method 8000: Reactor digestion method USEPA approved for oxygen
chemical demand wastewater analysis. DR/890 Datalogging Colorimeter
Handbook. 2004: 427-436.

163. Sakiadis BC. Fluid and particle mechanics. Perry's chemical engineer's
handbook. 1984

164. Wen CY, Yu YH. Mechanics of fluidization. Chem. Eng. Prog. Symp. Ser. 1966;
62 (2): 100.


